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ABSTRACT 

We study cosmological implications of the duality (PS'L(2, Z)) invariant po- 
tential for the compactification radius T, arising in a class of superstring vacua. 
We show that in spite of having only one minimum in the fundamental domain 
of the T field there are two types of non-supersymmetric domain walls: one is 
associated with the discrete Peccei-Quinn symmetry T ^ T + i, analogous to the 
axionic domain wall, and another one associated with the noncompact symmetry 
T —>■ 1/T, analogous to the Z2 domain walls. The first one is bound by stringy 
cosmic strings. The scale of such domain walls is governed by the scale of gaug- 
ino condensation (C(10^^ GeV) in the case of hidden Eg gauge group), while the 
separation between minima is of order Mpi. We discuss the formation of walls and 
their cosmological implications: the walls must be gotten rid of, either by chopping 
by stringy cosmic strings and/or inflation. Since there is no usual Kibble mecha- 
nism to create strings, either one must assume they exist ab initio, or one must 
conclude that string cosmologies require inflation. The non-perturbative potential 
dealt with here appears not to give the needed inflationary epoch. 
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1. Introduction. In (2,2) string compactifications, where (2,2) stands for 
N — 2 left-moving as well as N — 2 right-moving world-sheet supersymmetry, 
the vacuum is supersymmetric and contains a set of massless fields - moduli Ti - 
which have no potential, i.e. V{Ti) = 0, to all orders in string loops'^' . Thus, 
perturbatively, there is a large degeneracy of string vacua, since any vacuum ex- 
pectation value of moduli corresponds to the vacuum solution. On the other hand 
it is known that non-perturbative stringy effects, like gaugino condensation'^' and 

[3] 

axionic string instantons , give rise to the non-perturbative superpotential. 

In the case of the modulus T associated with the internal size of the com- 
pactified space for the so-called flat background compactifications {e.g., orbifolds, 
self-dual lattice constructions, fermionic constructions) the generalized target space 
duality is characterized by non-compact discrete group PSL(2, 7i) — SL{2, Z)/Z2 
specified by 

OjT — ih 

^^JdTTd '^^-^^ = 1 ,{a,6,c,4eZ. (1) 

Note, the dimensionless field T is written as T = 1^ / a' + iA, where R is the radius 
of compactification, A corresponds to the internal axion field and a'{= 327i/g^M^i) 
is the string tension. Here, g the gauge coupling (as defined in grand unified 
theories) and Mpi is the Planck mass. 

If one assumes that the generalized target space duality is preserved even non- 
perturba-tively the form of the non perturbative superpotential is very restric- 
tive . The fact that this is an exact symmetry of string theory even at the level of 
non-perturbative effects is supported by genus-one threshold calculations'*'''^', which 
in turn specify the form of the gaugino condensate'*'^', and thus restrict the form 
of the non-perturbatively induced potential to a specific, restricted form of the 
duality invariant potential. In the case of the general duality invariant potentials, 
i.e., invariant under non-compact discrete symmetry PSL{2, Z) , this leads in gen- 
eral to stable supersymmetric domain walls'^"'"'. Such domain walls correspond to 
a new class of domain walls interpolating between non-degenerate minima of the 
matter potential '"'with intriguing gravitational effects'^*'. 

In this note we would like to address the cosmological consequences of a spe- 
cific type of duality invariant potential, i.e., the one which is due to the gaugino 
condensation'*^''^' in the hidden sector of string theory. In the orbifold-type com- 
pactifications, due to the threshold corrections'"^', such a duality invariant potential 
is of a very specific type*. 

★ Even when taking into account the Green-Schwartz mechanism to cancel '^^'^''' anomaUes 
of the underlying non-linear cr model there is in general a duality invariant non-zero poten- 
tial e.g. it appears in the orbifold compactifications which have fixed two-tori in the 
twisted sector of the theory, like Z4 orbifold. We will confine our study to such types of 
potentials. 
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The interaction of the modulus field T is described in terms of = 1 super- 
gravity Lagrangian. The field lives in the fundamental domain T> determined by 
the modular group C/PSL{2, Ti). (see fig. 1). We take the example of a duality 
invariant potential associated with one modulus field T which corresponds to an 
overall size of the torus of compactified space. This is a general enough exam- 
ple which is to exhibit the qualitative features of gaugino induced non-perturbative 
potential. In this case the Kahler potential and the superpotential for the dilaton 
field S and the modulus field T can then be written in the form'^'^'^'^ 

K = --IniS + 5*) - -IniT + T*) 

K. ' K ^ ' (2) 

w = n{S)7]{T)~^ 

with K = StiGn. Here, ri{T) is the Dedekind eta function, a modular form of 
weight 1/2'^^'. Note, that rj is regular everywhere in the fundamental domain, and 
falls off as e-Vi27rT ^ 

T" — > 00. The coefficient D,{S) is in the case of the one 
hidden gauge group without matter of the type M^e'^^'^ 1^°^ . Q,{S) sets the scale 
of the potential for the T field and its exponential dependence on the S'-dilaton 
field indicates that the superpotential is due to the non-perturbative physics. 69 
is related to the one-loop = 1 (negative) beta function {3 of the gauge group 
responsible for gaugino condensation as /3 = 6o5'^/167r^. Note, ReS — l/g"^ where 
g is the gauge couphng at the scale Mc — gMpiC where, constant C depends on 
the subtraction scheme used'^°'. In DR scheme C=0.043. For Eg hidden gauge 
group the scale Q(5)V3 is O(10^^)GeV.^ 

The scalar Lagrangian is of the form : 

e-^L = -—R + Kj.fg^^'d^Td^T - e^^ {K^^\DtW\'^ - 3k\W('^) (3) 
2/v 

where e = Idetg^jyl^^ and D^W = e~'^^ (dTe'^^W). For the Kahler potential and 
superpotential in (2)the Lagrangian(3)(with the fixed value of S) takes the form 

-ir 1 ^^Sg^'^d.Td.T* 

e Li — — — — ri + 



2k" ' K{T + T*f 



\ In the following we shall also neglect corrections due to one-loop corrections. 

I In string theory the origin of a mechanism that fixes the dilaton field S is not known. One 
possiblity is the multiple gaugino condensation Wc assume that S is fixed to be 1/5^, 
with the gauge constant g having perturbative value < 0(1) which in turn determines scale 
associated with Q.{S). In further discussion we fix the value of S and suppress the dynamics 
associated with the S field, including the issue of supersymmetry breaking in this sector. 

§ We use — , — , — ) space-time signature. 
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K\n{s)f 

(r + r*)3(5 + 5*)|r^(T)|i2 

where G2 = —^ndT'^/'q — 27r/(T + T*) is the Eisenstein function of weight 2'^^' . 

Note that without superpotential the moduh sector has a continuous non- 
compact symmetry S'f/(1,1) = 5*17(2, R). The non-perturbatively induced super- 
potential in (4) breaks the continuous symmetry down to its maximal discrete 
subgroup PSL{2,Z). The potential (see Fig. 3) in (4) has one minimum in the 
fundamental domain at T = 1.2 which at the same time breaks supersymmetry. 
This turns out to be a generic property for a gaugino induced non-perturbative 
potential in string vacua with PSL{2, Z) invariance. 

2. Domain Walls Connected to Stringy Cosmic Strings. The underlying 

[22 8 10] 

PSL{2, Z) symmetry of the theory imphes ' ' that there could be domain wall 
solutions interpolating between such degenerate vacua of different fundamental 
domains. 

The first class of domain walls is associated with the symmetry transforma- 
tion T ^ T + i, i.e. the discrete Peccei-Quinn symmetry. Thus the domain walls 
interpolates between minima with T = 1.2 and T = 1.2 + i. Note, that this trans- 
formation is a genuine symmetry of the underlying sting vacua; e.g., the states of 
the underlying string vacua remain intact under such a symmetry transformation. 

The nature of this type of domain wall is closely related to the domain wall 
that exists for the QCD induced potential of the Peccei-Quinn axion 6 when there 
is only one quark flavor. In this case i.e. V = Aq^^(1 + cos^^). In general, sponta- 
neously broken global U{1) Peccei-Quinn symmetry is non-linearly realized through 
a pseudo-Goldstone boson, the invisible axion 9 — {0, 2%}. Non-perturbative QCD 
effects through the axial anomaly break explicitly U{1) symmetry down to ^tv^, 

by generating an effective potential proportional to I -|- cos Nf9. This potential 

[13] [12] 
leads to domain wall solutions with Nf walls meeting at the axionic strings 

In the case of Nf = 1 there is still a domain wall, interpolating between = and 

6 = 271. The domain wall is bounded by an axionic string which emerged at the 

first stage of symmetry breaking of the global U{1) Peccei-Quinn symmetry. 

Very analogous situation is taking place in our case; the role of the stringy 
axion field is played by the imaginary part of the T field; the domain wall inter- 
polates between T = 1.2 and T = 1.2 + i; i.e. inspite of only one minimum in the 
fundamental domain, there is still a domain wall just like in the case of axionic 
domain walls. 

The analogy with axionic domain walls can be carried ever further. Such a 



{T + T*y 3 ^ 



'27r 



G2{T, T*)\^-3 



(4) 
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stringy domain wall is bound by a type of stringy cosmic strings 

They can form at the first stage, when the continuous non-compact symmetry 
SL{2, R) is spontaneously broken, i.e. at this stage there is only the kinetic energy 
term present while the non-perturbative potential due to gaugino condensation is 
not been turned on, yet (see eq.(4)). 

In Ref.23 two types of such stringy cosmic strings were classified. They are 
obtained by mapping the T field configuration on the {x, y) spatial coordinates as: 
j{T{x + iy)) — 0^=0"""" [(-^ + w)/ V^^y where n are non-negative integers, an 
are arbitrary constants (presumably of order one), and j is modularly invariant 
function ^' . Note, that j e^^-^ as T ^ 00, thus at the spatial infinity (x + iy = 
r e**^ with r — > 00) the 2-KlmT is mapped into the spatial angle 2(f)nmax and ReT 
blows up, i.e. decompactification takes place. Thus, as T — > T -|- i, the deficit 
angle is = 211/ Umax- In addition, j function has a triple zero at T = e*'^/^ and 
near T — 1 has an expansion j — 1728 + a{T — 1)^'^^'. This implies, that such a 
string has a core-like structure at two points, which are in the region r = 0{-\/k), 
i.e. they correspond to T = 1 and T = e*'^/^'^^'. The second type of domain walls 
corresponds to the map j{T{x + iy)) = o^Z'^^^^^q^x + iy)/y/K]'^. In this case 
the string core structure is at spatial infinity and decompactification takes place 
at r = 0{^/k). Note that the type of stringy domain walls associated with the 
symmetry transformation T ^ T + i can be bound only by the first type of stringy 
cosmic strings (see Fig. 3). 

The second type of domain walls are associated with T — > 1/T, i.e. the gen- 
erator of the non-compact symmetry transformation of PSL{2.Z). This domain 
wall interpolates between the minimum at T = 1.2 and T = 1/1.2. It is analo- 
gous to the domain walls associated with Z2 symmetry. It is at first puzzling that 
there would be such a domain wall, after all, the points in the T plane are related 
by the T — > 1/T symmetry. However, points associated with T — > 1/T trans- 
formation can be probed since they correspond to a different theory (with heavy 
winding modes becoming light and vice versa) which happens to be equivalent to 
the original theory. 

The second type (T 1/T) of domain walls are different in nature as opposed 
to the first type (T ^ T + i) of domain walls. In particular, the second type 
of domain walls do not seem to be bound by stringy cosmic strings of the type 
described above. 

The features of non-perturbatively induced potentials associated with the non- 
compact discrete symmetry for the radial moduli of other (2,2) string vacua are 



^ In the case of supersymmetric stringy domain walls'^"' , which appear in a class of general 
PSL{2, Z) invariant potentials, the whole configuration of the domain wall bounded by the 
stringy cosmic string preserves supersymmetry. 
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generic. In general, the non-compact discrete symmetry group associated with the 
radial modulus field has two types of symmetry generators: there is an analog of 
the discrete Peccei-Quinn symmetry, i. e. Tj^ ^ Tf^ + c, with c being an integer or 
half integer, as well as an analog of the non-compact symmetry (associated with the 
symmetry of small and large radius of compactification). Thus, the two types of 
domain walls discussed above seem to be a generic property of the gaugino induced 
non-perturbative potential which respects the non-compact discrete symmetry of a 
particular (2,2) string vacuum and possesses only one minimum in the fundamental 
domain. 

3. Cosmological Implications. In an expanding hot big bang cosmology the 
walls form when the non-perturbative potential turns on. The scale of the domain 
walls depends on the scale 0(5'), i.e. the scale at which gaugino condensation 
takes place. This scale could be as low as 0(TeV) in the case of multiple gaugino 
condensations In the case of hidden large gauge groups without matter a more 
plausible scale is O(lO^^GeV), which is favored in the case of hidden gauge 
group. The domain walls produced by a phase transition such as this would have 
degenerate vacua on either side and would quickly come to dominate the universe. 
Thus, the walls have to go away in order to be consistent with observations. 

In ordinary field theory such domain walls can disappear in two ways: one 

[25] 

possibility is infiation , another is chopping by a brownian network of cosmic 
strings that appeared at an earlier phase transition'"^*'. It is the second possibility 
which we will examine in the remainder of this section. 

The difference between the standard picture and the present case is that the 
stringy cosmic strings are inherently stringy; there is no phase transition in the 
four dimensional effective field theory at which the strings appear. Rather, if 
they were to exist they would have to have come directly from the spontaneous 
compactification at the string epoch above Mq = 0.043 g Mpi, i.e. the scale below 
which the physics of the effective four dimensional field theory takes over. 

If so, then a problem for incorporating stringy cosmic strings in a cosmological 
scenario is that there is apparently no natural choice for the string configuration 
upon coming out of the Planck era. Recall that in cosmic string theories of galaxy 
formation the strings are assumed, with some numerical and analytical support, to 
evolve along a scaling solution in which the fraction of the energy density in strings 
to that of the background is constant. On scales outside the horizon the network 
executes a random brownian walk, its initial conditions set up at the time of a 

[27] 

phase transition according to the usual Kibble mechanism . Note that the usual 
Kibble mechanism only applies to strings which are created by a VEV appearing 
at a phase transition. Just having fundamental strings in thermal equilibrium will 



* See, e.g., the study of properties of non-compact discrete symmetry for another string 

[24] 

vacuum 
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not give a network of strings stretching beyond the horizon. In the case of stringy 
cosmic strings there is no such phase transition. We thus have no basis on which 
we can conclude that there would be a network of strings extending beyond the 
horizon. This problem is due to our lack of knowledge of superstring dynamics. 

In spite of our ignorance of a mechanism by which they can be produced, let 
us assume that there is a Brownian string network present at the time that the 
non-perturbative potential turns on. The domain walls are then created bounded 
by strings. In our case such domain walls are bounded by stringy cosmic strings 
of the first type, only. E.g., j{T{x + iy)) = ai{x + iy) + oq. In this case cosmic 
string maps 2t: ImT — > as r — > oo. This is thus the type of a string that is 
attached to one end of the large domain wall. The energy per unit length of this 
string is ' in our case: fi = 3/ k, x lixjVl. In addition, the core of such a string 
is more complicated as discussed above (see Fig. 3). Namely, the domain wall is 
bound by a string with the core like structure corresponding to two points: the Zj, 
symmetric point at T = e*""/^ and symmetric point T —\. Also, the thickness 
of the domain wall {0{\k\^{S)\^\-^I^)) can be much larger compared to the size 
of the string {0{^)). 

Now suppose that walls form at a scale of cr ~ O(10^^)GeV, where a is the 
energy per unit area of the wall. We assume that a typical radius of curvature of 
a string at time t is less than t, as is the case for standard cosmic strings. Then 
by the time t ~ {tJ'/(^)-i where n is the string energy per unit length, the walls 
will dominate the dynamics of the system. However, because of the string network 
there will be no infinite domain walls. The walls-bounded-by-string quickly vanish 
by chopping into ever smaller pieces. Even if we make the extreme assumption that 
they fall into periodic motion, their lifetimes are limited by gravitational radiation 
to be less than r ~ 1/cr, and the walls never come to dominate the universe'^*'. 

3. Inflation? If the absence of a standard Kibble mechanism to explain the 
existence of an initial string network means that the walls form unconnected to 
strings, then the only way to eliminate them is inflation. The non-perturbative 
potential in(4) for the T field could in principle allow for the infiationary epoch 
of the T field. Namely the potential shares common features with the pseudo- 
Goldstone potential A4[cos(0//) + 1] with A = 0{lQ^^)Ge\ and / = 0(Mp;), 
which was shown to account for a version of inflation which is argued to be less 
flnely-tuned than others * In the case when / > Mp/, inflation takes place for a 
wide range of intial fleld configurations, i.e. for [0,(9(1)], while at the same 
time producing sufficient density fluctuations 5p/ p = O{10~^). 

In our case, the major difference is that the fleld T is complex, and thus it 
rolls in the two-dimensional space. However, the potential is close to satisfying the 



★ Within the study of instantons in a theory with the antisymmetric tensor, such constraint 
can also be met . 
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two basic constraints. First, its overall scale is governed by the scale of gaugino 
condensation. Prom (4) one obtains A = which in the case of hidden 

£^8 gauge group corresponds to the energy scale lO^^GeV. In order to determine the 
scale /, which governs the rate at which the potential changes, one has to normalize 
the kinetic energy in (4); this implies that the dimensionful field is related to 
the dimcnsionlcss field T as = T j ^/k. On the other hand the adjacent minima, 
are separated by a change in T of order one, e.g. along the imaginary direction 
T = 1.2 and T = 1.2 + %. This in turn implies that the scale / = 0(l/(27rV«))- 

In the fundamental domain T> a variation of the potential from its maxima and 
saddle points to its global minimum takes place for the region ImT — [0, 1/2] and 
ReT = [1, 1.2] (see Fig. 2). In our case, although one naturally expects / ~ Mpi, 
when the field is properly rescaled we find that / is an order of magnitude too small 
for infiation to proceed via this truncation of the full theory. Wc must therefore 
have inflation arise from dynamics not considered in the present article. Another 
problem of the concrete example based on PSL{2, Z) symmetry is the fact that the 
supergravity potential in (4) has a negative cosmological constant. However, the 
issue of ensuring zero cosmological constant is a question hardly addressed within 
any basic theory. 

To conclude we would like to stress again that certain features of non-perturbatively| 
induced potentials for the radial moduli of other (2,2) string vacua are generic. In 
general, the non-compact discrete symmetry group has two types of symmetry gen- 
erators: there is an analog of the discrete Peccei-Quinn symmetry, i.e. Tj^ — > 7fc + c, 
with c being an integer or half integer, as well as an analog of the non-compact sym- 
metry (associated with the symmetry of small and large radius of compactification) . 
For such moduli the non-perturbative potential, which preserves the non-compact 
discrete symmetry and possesses only one minimum in the fundamental domain, 
in general has the properties discussed above. Without a mechanism to explain 
the existence of a cosmic string network we are led to the general conclusion such 
superstring universes must have inflation. 
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Figure Captions 



Fig.l Fundamental domain of the T field. The dot (T = e*''/^) denotes the Z3 
symmetric point and the cross {T — 1) denotes the Z2 symmetric point. 

FIG. 2 The scalar potential for the T field in units of k\Q,{S)\'^. The absolute 
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minimum lies on the real axis at T — 1.2. The figure is taken from ' . 

FIG. 3 Stringy cosmic string connected to a domain wall. The locations of the 
stringy core at r = (T = e*'^/*^) and at re*'^ = 1728v^ (T = 1) corresponds to 
the stringy cosmic string with the map j{T) = re^'^/^/K. 
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